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Recent Progress and Future Advances on Aqueous
Monovalent-lon Batteries towards Safe and High-Power

Energy Storage

Fangli Zhang, Wenchao Zhang,* David Wexler, and Zaiping Guo*

Aqueous monovalent-ion batteries have been rapidly developed recently
as promising energy storage devices in large-scale energy storage systems
owing to their fast charging capability and high power densities. In recent
years, Prussian blue analogues, polyanion-type compounds, and layered
oxides have been widely developed as cathodes for aqueous monovalent-ion
batteries because of their low cost and high theoretical capacity. Further-
more, many design strategies have been proposed to expand their electro-
chemical stability window by reducing the amount of free water molecules
and introducing an electrolyte addictive. This review highlights the advan-
tages and drawbacks of cathode and anode materials, and summarizes the
correlations between the various strategies and the electrochemical perfor-
mance in terms of structural engineering, morphology control, elemental
compositions, and interfacial design. Finally, this review can offer rational
principles and potential future directions in the design of aqueous mono-

nature and instability. Among the various
energy storage technologies and devices,
rechargeable batteries have been exten-
sively developed as the most promising
and reliable devices for a diverse range of
applications, from microchips to vehicles
and stationary energy storage devices. The
commercial lithium-ion batteries (LIBs)
with high energy density, long lifespan,
and fast charge—discharge capability have
been widely used in portable electronic
devices, (hybrid) electric vehicles, and
even in grid-scale energy storage facili-
ties.[?l Nevertheless, future applications of
LIBs are still hindered by the scarcity of Li,
safety risks, and environmental challenges
due to the use of volatile, flammable, and

valent-ion batteries.

1. Introduction

With the rapid depletion of fossil fuels and the environmental
pollution caused by their burning, the development of alterna-
tive renewable energy sources such as wind, solar, and tidal
energy is becoming an inevitable trend and in the spotlight
to meet increasing energy demands.l!! Therefore, low-cost and
high-performance energy storage devices are urgently needed
to effectively power vehicles and achieve large-scale energy
storage of this renewable energy because of its intermittent

toxic organic electrolytes.
The use of aqueous-based electrolytes
in batteries has been attractive for large-
scale energy storage owing to their intrinsic safety, environ-
mental benignity, easy fabrication, and low cost,®! but their
potential applications have been impeded by two major issues,
their limited energy density and their unsatisfactory life span.
Unlike the nonaqueous electrolytes, the narrow stable elec-
trochemical window (ESW) of 1.23 V in aqueous electrolytes
is due to their inherent thermodynamic oxidation potential
(oxygen evolution reaction [OER]) and reduction potential
(hydrogen evolution reaction [HER]), as well as water-based
side reactions between oxygen/hydrogen and the electrodes,
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which seriously limit the choice of electrode materials.*! To
date, Prussian blue and its analogues, polyanion-type com-
pounds, and oxides have been extensively studied as cathodes
for aqueous-based batteries due to their ease of synthesis,
open framework structure, chemical stability, tuneable redox
potentials, and excellent electrochemical activity, although
these cathode materials generally suffer from poor cycling sta-
bility and low energy density. In the case of the anode mate-
rials, conventional inorganic anode materials, such as poly-
anionic compounds and oxides, have been greatly impeded by
their inherent poor electronic conductivity or structural cycling
instability. In contrast, organic anodes are considered as the
most promising candidates because of their structural diver-
sity, robust stability, design flexibility, and low cost, but the
research on organic anodes in aqueous batteries is currently
in its infancy, and there are few studies related to the funda-
mental relationship between the structure of organic anodes
and the corresponding electrochemical performances.
Compared with nonaqueous batteries, the outstanding
ionic conductivity (twice as high as for organic electrolytes) of
aqueous electrolytes could allow fast charging capability and
high power densities.’! More importantly, the hydrated ionic
radius and hydration free energy are the key factors that deter-
mine the chemical diffusivity in liquids and solids. On the
one hand, ionic diffusion in aqueous solution is in the form
of individual hydrated ions with first hydration shells, and the
hydrated ionic radius has a strong correlation with ionic dif-
fusivity. As shown in Figure 1a, monovalent ions exhibit faster
ion diffusion rates in aqueous electrolytes due to their smaller
hydrated ionic radius than those of multivalent ions.[®! On the
other hand, hydrated ions require energy to remove the water
molecules surrounding them at electrode/electrolyte interfaces
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and then to insert themselves into the structure. The hydration
free energy is a measure of the stability of the hydrated ions in
relation to the weak bonding between the ions and the water
molecules forming the hydration shell. Monovalent ions with
lower hydration free energy can shed water molecules more
easily than multivalent ions. Therefore, monovalent-ions as
charge carriers in batteries exhibit fast diffusion kinetics both
in aqueous electrolytes and at electrode/electrolyte interfaces
compared with multivalent metal ions.”! Therefore, aqueous
monovalent-ion batteries may offer great benefits for high
power devices.

The past few years have witnessed notable progress on
aqueous-based batteries from the aspects of fundamental reac-
tion mechanisms and enhanced electrochemical performance
in various electrode/electrolyte systems. Many review papers
have summarized the recent progress and achievements on
electrode and electrolyte materials,!® but few review papers have
outlined strategies to address our fundamental understanding
of the disadvantages of different electrode materials and their
narrow voltage windows. Moreover, the correlations between
the strategies and the performance are still unclear, which
makes it difficult to help researchers by providing design prin-
ciples for electrodes and electrolytes. In this review, we sum-
marize recent progress and achievements on aqueous mono-
valent-ion batteries, and the fundamental reaction mechanisms
of various electrode materials in aqueous electrolytes are also
discussed from the perspectives of molecular structure, mor-
phology, elemental compositions, and the electrode/electrolyte
interphase. On the basis of the strategies encountered in dif-
ferent systems, solutions to the current bottlenecks, promising
design principles, and future research directions in aqueous
monovalent-ion batteries will be proposed.
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Figure 1. a) A comparison of ionic radius and hydrated ionic radius of univalent and multivalent metal ions. b) Schematic illustration of Na ion and Li
ion insertion into FeFe(CN)g. Reproduced with permission.['!l Copyright 2018, Elsevier Ltd. Structural evolution of c¢) rhombohedral Na,Co''Fe''(CN)s.
Reproduced with permission.33 Copyright 2015, Wiley-VCH; and d) orthorhombic K,Fe'[Fe''(CN)¢]-2H,0. Reproduced with permission.['3l Copyright

2016, Wiley-VCH.
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2. Cathode Materials in Aqueous Monovalent-lon
Batteries

2.1. Prussian Blue (PB) and Its Analogues

Prussian blue (PB) and its analogues (PBAs) have been widely
investigated due to their high theoretical energy density and
outstanding rate performance.l”’ The chemical composition of
PBAs can be expressed as A, P,[R(CN)g]y., z[0-mH,0 (A = alkali
metal; P, R = transition metal; (] = vacancy).l”) Large intersti-
tial sites within the open framework can host monovalent-ions
and/or zeolitic water, while the 3D channels provide a fast dif-
fusion pathway for ion transportation.!!!

In PBAs, the insertion/extraction mechanisms of the
hydrated monovalent ions are controlled by two processes, the
Faradaic intercalation process and the capacitive response.'l
The Faradaic intercalation process dominates for hydrated K
and Na ions, while the capacitive-controlled process dominates
for hydrated Li ions, owing to their different hydrated ion size.
Larger hydrated Li ions are more likely to occupy the large open
sites on the electrode surface, while smaller hydrated Na and K
ions tend to occupy the interstitial sites in the lattices of PBAs
(simulated in Figure 1b).'>< Meanwhile, the charge transfer
resistance (R.) of PBAs is the lowest in aqueous potassium
electrolytes compared with those in lithium and sodium elec-
trolytes, indicating fast kinetics and low polarization. Hence,
PBAs in aqueous potassium batteries might exhibit excellent
electrochemical behavior.

The practical applications of PBAs have been restricted, how-
ever, by poor utilization of their electrochemical capacities and
unsatisfactory reversibility. The defects and [Fe(CN)g] vacancies
that are coordinated by zeolitic water in the PBA crystal struc-
ture could block off the active sites for the storage of monovalent
ions, which results in low utilization of their electrochemical
capacities. Rapid nucleation and lattice growth in the coprecipi-
tation process could lead to the formation of defects and vacan-
cies. To suppress the growth rate, optimizing experimental
parameters and developing novel synthesis methods such as
etching methods have been proposed.¥! For example, adding
citrate ions during the coprecipitation process could decelerate
crystallization and the corresponding separation of the nuclea-
tion and growth stages. Similarly, vacancy-free Na,CoFe(CN)s
nanocubes and low-defect FeFe(CN)s nanocrystals have been
synthesized by a controlled crystallization reaction and a slow
chemical precipitation method, respectively.!'”!

Collapse of the framework structure, complicated phase tran-
sitions, and dissolution of transition metals during cycling are
the major reasons for poor reversibility. Monovalent-ion rich
PBAs deliver high energy density because they are capable
of storing up to two monovalent ions per formula unit and
undergo two one-electron redox processes corresponding to
successive redox reactions of R —C and P! —N couples
(when R, P = Mn, Fe, Co, etc.) compared to PBAs with a higher
oxidation state of the transition metal P (e.g., Na,NiFe(CN)q
and Na,CuFe(CN);).">1% From the viewpoint of elemental com-
position design, researchers have found that a high amount
of monovalent ions could increase the redox capacity but also
lead to an irreversible and complicated phase transition during
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cycling. PBAs usually possess a face-centered cubic phase, but
distortions to monoclinic and rhombohedral structures have
been observed in PBA crystals after accommodating too many
monovalent ions. For example, with increasing monovalent-ion
content, the lattice of Na-rich PBAs changes from cubic to mon-
oclinic and then to rhombohedral. Furthermore, it experiences
a phase transition from the rhombohedral structure to face-cen-
tered-cubic during cycling (Figure 1c),®*"] while the lattice of
K-rich PBAs is distorted to monoclinic or orthorhombic sym-
metry but can maintain highly reversible phase changes during
cycling (Figure 1d).12218 The complicated mechanisms of these
phase transitions in aqueous batteries have remained unclear.

From the perspective of crystal structure design, it was
found that water in the PBA lattice, residing at the center of
the void spaces in the PBA lattice (Figure 2a), may serve as pil-
lars to maintain the crystal structure during electrochemical
cycling and facilitate low strain in charge/discharge processes
for aqueous Na ion batteries.”) Hydrated PBAs are predicted
from first-principles calculations to exhibit a more stable phase
transition behavior (Figure 2b) than their dry counterparts over
a wider range of Na chemical potentials and small volume
changes during cycling (Figure 2c).1?%! Therefore, the desired
target for high-performance PBAs is that they should possess
low vacancies and low amounts of water residing in the void
spaces of the lattice.

In addition, the substitution of inactive/electroactive ele-
ments has been applied to stabilize the structure of PBAs, such
as by doping with 23% Ni?* in Na-rich PBAs and Fe-substituted
Mn in K-rich PBAs,[29421 5o further investigations should focus
on explaining the charge-transfer mechanisms after the sub-
stitution of different elements, and this should be extended to
investigations using other elements. On the other hand, the
PBA framework structure could be protected from structural
collapse and metal ion dissolution by introducing electrolyte
additives, for example, Na,CoFe(CN); in an electrolyte modified
by adding 1 wt% CoSO, in 1 M Na,SO,. The batteries with mod-
ified electrolyte exhibited superior cycling stability compared
with those with blank electrolyte.??!

2.2. Polyanion-Type Compounds

Polyanion-type electrode materials can be defined as a class
of compounds that contain a series of tetrahedral anion units
(XOy4)™ or their derivatives (X,,03,.1)" (X =S, P, Si, As, Mo,
or W) with strong covalent-bonded MO, polyhedra (where M
represents a transition metal).?3] Their special open frame-
work offers large ion channels for monovalent-ion diffusion, 4
and the strong X—O covalent bonds significantly improve the
stability of O in the lattice, leading to high theoretical energy
capacity and long cycling performance. The practical applica-
tion of polyanion-type compounds has been limited, however,
by their poor rate performance due to their intrinsic low elec-
tronic conductivity.

Numerous attempts have been proposed to increase the rate
performance of PBAs via elemental composition, morphology,
and electrode/electrolyte interphase design. From the perspec-
tive of composition design, research has focused on developing

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) Optimized structure of Na,MnFe(CN)g-2H,0. b) Grand potential phase diagram of Na,MnFe(CN)¢-nH,0. c) Volume changes of PBAs
from Na deintercalation in wet (solid line) and dry (dashed line) electrolytes. Reproduced with permission.?% Copyright 2019, American Chemical

Society.

nanosized composites with high-electronic-conductivity mate-
rials to optimize their rate capacity. Composites with carbon
have been extensively studied, from the simple formation of
composites with carbon to further tailoring the carbon structure
and morphology, as in the case of multi-walled carbon nano-
tubes (MWCNTs), single-walled carbon nanotubes (SWCNTIs),
etc.l?’) Graphene, graphene oxide, and reduced graphene oxide
have also been found to be good choices to form composites.2®!
Future optimization could involve discovering new inexpensive
materials for substitution, tailoring the carbon morphology to
form a uniform matrix, modifying carbon, such as by heter-
oatom doping or nitrogen-doping, and the selection of varied
nitrogen sources./””) In addition, tailoring polyanion-type com-
pounds into highly conductive substrates and constructing the
architecture of the substrate so as to shorten electron trans-
port paths could be proposed to enhance the low electronic
conductivity.

Enhancing ionic conductivity is an effective approach to
improving rate performance. In terms of the morphology
design, shortening the ion diffusion distance and increasing
the surface area between the electrode and the electrolyte could
facilitate ion diffusion. Synthesis methods and experimental
parameters are decisive for sample morphology. Solid-state
reaction just involves a simple process to obtain products with
high crystallinity, but the products always suffer from topo-
graphical irregularity and being of a large size, which strongly
restricts the efficient transfer of electrons and increases the
interface resistance. The sol-gel method was then developed to
reduce the particle size,?®l although the subsequent high-tem-
perature annealing process still inevitably resulted in increased
particle size and the formation of irregular morphology.
Therefore, the development of novel synthesis methods, and
improvements and/or combinations of conventional methods
to fabricate products that are nanosized, highly crystalline, and
have ideal morphology could be the current trend and focus.
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From adding synthetic agents such as poly(vinyl alcohol) and
oxalic acid to combining two synthesis methods, such as in the
hydrothermal assisted sol-gel approach,?! the target has been
smaller particle size and high surface area, which can help to
enhance the electrode/electrolyte contact and promote ion-dif-
fusion during cycling. More detailed tailoring and engineering
could be applied in the morphology design, including ideal
porous surface phases and special preferred orientations of
the crystal structure. Well-aligned cross-linked Na2VTi(PO4)3/
porous carbon nanofiber is an excellent example.? A modi-
fied electrospinning system with an electrospinning emitter
and a metal-mesh receiver has been set up to fabricate the
aligned cross-linked 1D nanoarchitecture. On the one hand,
the single nanofibers demonstrated a highly porous and hier-
archical architecture, which not only facilitates highly efficient
electrolyte penetration, but also enables fast ion transport. On
the other hand, the nanofibers were arranged in a good align-
ment along two crossing directions and interconnected to form
a 3D network with rhombic voids on a large centimeter scale.
Compared with the disordered electron transport in randomly
arranged nanofibers, the highly oriented pathways could enable
fast electron transport capability for the crosslinked architec-
ture, resulting in its high conductivity. These structural and
morphological advantages led to high structural stability, thus
better cycling durability and superior high-rate properties,
which proves the importance of structure and morphology
design based on the development of novel synthesis methods.
Interphase modification is another way to improve rate
performance by coating materials with high electronic con-
ductivity such as carbon and AlF; on the cathode surface and
using an additive to modify surface properties, as in the case
of CeO,-modified LiFePO,.2?P31 Meanwhile, highly concen-
trated electrolytes with selected anions, such as CF3;SO;57, not
only can increase the ionic conductivity but also provide more
carrier ions for insertion/extraction, corresponding to better

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Scanning electron microscope (SEM) images: a) LiFePO,/C/CNTs, b) LiFePO,/C, c) LiFePO,/CNTs, and d) LiFePO,. Transmission electron
microscope (TEM) images of composites: e) LiFePO,/C/CNTs, f) LiFePO,/C, g) LiFePO,/CNTs, and h) LiFePO,, with the inset images showing the
corresponding selected area electron diffraction (SAED) patterns. Reproduced with permission.? Copyright 2020, the Owner Societies.

energy density.??l Recently, combinations of several strategies
have been popular and widespread to enhance the overall elec-
trochemical performance.?3] One example is LiFePO,/C/CNT
material combined with composite and coating strategies.3¥
With the addition of carbon nanotubes (CNTs), the nano/micro-
sized particles are covered with a flocculent carbon layer con-
nected to a 3D network (as shown in Figure 3a—d), which can
not only shorten the diffusion distance for Li-ions from the
cathode bulk phase to the electrolyte, but also buffer volume
expansion during charging and discharging. The amorphous
character of LiFePO,/C/CNTs (Figure 3e-h) can reduce the
contact resistance between the electrode and the electrolyte. All
the above features lead to outstanding rate performance and
cycling stability.

2.3. Layered Oxides

Oxides have been considered as among the most promising
candidates for cathodes in aqueous monovalent-ion batteries,
which include spinel oxides, perovskite oxides, and layered
oxides. Among them, layered oxides have attracted much atten-
tion due to their high rate performance with 2D pathways and
excellent theoretical capacity. Their formula can be expressed
as A,MO, (0 < x < 1), where M stands for transition metal ele-
ments. The crystal structures are built up from MO, sheets of
edge-sharing MOg octahedra, where the monovalent ions are
inserted into and out of the layers between the MO, sheets.
The main drawback of layered oxides is their structural
instability during cycling, which is caused by complicated
phase transitions, collapse of stacked layers, the dissolution of
transition metal ions into aqueous electrolytes, and side reac-
tions taking place at the electrode/electrolyte interphase. The
nature and content of A cations is one of the decisive factors
that determine the crystal structure and phase transitions of
layered oxides. In layered lithium oxides, the most prevalent
phase transition is from the O3 to the Ol phase after com-
plete Li removal. Transformations to one or more hybrid

Adv. Mater. 2022, 2107965 2107965 (5 of 16)

01/03 phases may also occur at intermediate compositions (as
shown in Figure 4a).’” In layered sodium oxides, the crystal
structure type is largely determined by the Na content: P2 lay-
ered structures for 0.33 < x < 0.9, and O3 layered structures
for 0.9 < x < 1 (Figure 4b).3%3”) With the extraction of Na ions,
the O3 phase often undergoes more complex phase transi-
tions than the P2 structure, such as 03—0’3—-P3—P’3—-P3”
for NaNiysMngsO,, while the P2 phase commonly shows one
P2—02 phase transition.””] In layered potassium oxides, the
structure type strongly depends on the K/M ratio: O3 phase for
K/M =1, and P2 or P3 phases for K/M <1 (Figure 4c).*® There
are few studies, however, on detailed phase transitions of lay-
ered oxides in aqueous solution.

The complicated reasons for induced capacity fading include
spontaneous oxidation, where oxidation of the aqueous electro-
lyte by the charged layered oxide cathode results in irreversible
capacity loss,?”l and metal ion dissolution, when monovalent-
ions are exchanged with H* on exposure to water, which are
critical problems that need to be investigated urgently. Past
research found that layered oxides, including most O3 and
P2 layered oxides,?**% possess high reactivity with the atmos-
phere, such as with air or water, but it should be noted that
P2 oxides with superstructure ordering of the transition metals
are air- and water-stable. Therefore, future research should be
focused on the relationship between the crystal structure and
the chemical stability of layered oxides and on developing ideal
material systems. Layered oxides generally suffer from unfa-
vorable transition-metal slab sliding due to their strong tran-
sition-metal layer interaction in the highly de-sodiated state,
which could cause large internal stress and subsequent collapse
of the structure. The “pinning effect” from alloy science could
be introduced to enhance the structural stability of layered
oxides.!l Doping an appropriate proportion of metal atoms,
such as Fe, Co, and Ni,*?l to occupy the monovalent-ion layer
could be used to create pinning points to inhibit the adverse
slab-slipping during cycling.

Based on studies of their crystal structure, researchers
found that hydrated layered oxides should be attractive choices

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

=n
W > -
o
w

!
;

8
8

o

(+]
(+]

I

@
¢

(113, 213, 0)
e

00 00 00

>

o
o
(]

>

i

02

3
)
% 8
3
A N W= »

3
%

%

1
% .
-

A

® >0 =B > 0O ® »

w>» O>» WP

(o]
P3
A
)
@

www.advmat.de

Li octahedra
coordinated by O

TM octahedra
coordinated by O

Amiyiaey .

W >

B
o0 © 990000
: Al
A | c
o/® (113,213,0)  ©0 ©O O
e
I -
c AN |
o0 o0 5 b 00 00
A AN
B B
P3

3

Figure 4. Schematic illustration of the crystal structures of a) layered lithium oxides. Reproduced with permission.l Copyright 2017, WILEY-VCH; b) lay-
ered sodium oxides. Reproduced with permission.”"! Copyright 2017, WILEY-VCH; and c) layered potassium oxides. Reproduced with permission. 3!

Copyright 2020, WILEY-VCH.

because structural water within the interlayer can increase the
interlayer spacing to facilitate fast ion diffusion and stabilize
the structure as pillars during cycling, leading to better rate
performance and long cycling lifespans.®l They can be syn-
thesized by an aqueous sol-gel route or after initial cycling in
aqueous electrolytes. Furthermore, their high degree of hydra-
tion can improve the electrochemical activity by increasing the
reordering of the local structure and the coherence length.[*
As shown in Figure 5a, fully hydrated materials demonstrate
a greater increase in intensity of their O—H bonds (r = 1 A),
and there are new O—O features at a radial distance of 4-6 A.
Apart from structural water, it has been found that the capacity
fading of layered oxides is related to the local structural dis-
tortion during cycling. Through studying the crystal structure
of LiCoO, on the atomic scale, it has been observed that the
presence of protons that occupy the Li ion sites in the layered
LiCoO, led to distorted CoOg octahedra (Figure 5b), which will
cause large electrode polarization and fast capacity fading.[*!
Hierarchical architecture and hollow morphology can not
only retain the metrics of the stacked multilayer nanosheets,
leading to structural stability, but also further shorten the ion
diffusion distance and enhance the specific capacity by their
low density. As is well known, the synthesis method and
experimental parameters are critical factors for material mor-
phology. K;,sMnO, with a flower-like architecture was synthe-
sized by a facile topochemical method, and hollow K, ,;MnO,
nanospheres (Figure 5c,d) were fabricated by a modified poly-
merization reaction using nanospherical polystyrene (PS) as the
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template. Their performance proved the importance of hierar-
chical architecture and hollow morphology.*?! These preceding
findings have offered us good directions for future study, but
there are still several experimental parameters that need to be
understood to realize the full potential of layered oxides, such
as the calcination temperature, selection of solvents and their
concentration, etc. Therefore, it is essential to understand the
effects of experimental parameters on the morphology via
advanced characterization tools and to develop novel synthesis
methods to optimize the morphology of layered oxides.

From the perspective of elemental composition design, both
transition-metal ion substitution and the use of additional com-
ponents are popular strategies to improve the electrochemical
properties of layered oxides.”] Doping with relatively stable
elements, such as Fe, Ni, Tj, etc., is a common way to increase
the cycling stability of layered oxides. Future optimization of
elemental composition design could involve the joint substitu-
tion of several elements, optimizing the amounts of substituted
elements, and obtaining a deep understanding of the detailed
mechanisms of different elements in relation to the crystal struc-
ture and phase transitions. For instance, Kumar et al. studied the
effects of partial or complete substitution of Ti for Mn to prove
that Ti-doping can significantly improve the stability of O3-type
Na-Ty-oxides against hydration and cyclic stability by sup-
pressing the higher impedance and voltage hysteresis that appear
with battery cycling.¥ In the case of Nay4MnO,-CNT compos-
ites, it has been proved that the thin layer of CNTs wrapped
around the surfaces of Naj4,MnO, significantly improve the

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a) Experimentally collected neutron pair distribution function (PDF) curves of partially and fully hydrated disordered potassium vanadium
oxide (KVO) and the refined local structure of partially and fully hydrated KVO materials. Schematic illustration of the synthesis procedure for LiCoO,
nanosheets assembled with nanorod arrays on carbon cloth. Reproduced with permission.*! Copyright 2017, the author(s). b) Annular bright field
(ABF) images and lattice structure of COOOH (left), distorted LiCoO, (middle), and well crystallized LiCoO, (right). Reproduced with permission.[*33
Copyright 2018, Elsevier Ltd. c) Schematic illustration of the fabrication of hollow Kg,;MnO, nanospheres. d) TEM image of K;,;MnO,. Reproduced

with permission.l¢®! Copyright 2016, American Chemical Society.

electronic conductivity and the cathode stability during charging
and discharging processes, because CNTs can help Nay,MnO,
particles to keep close contact with each other.dl

3. Anode Materials in Aqueous Monovalent-lon
Batteries

Because suitable anode materials with satisfactory capacity
and proper operating potential in aqueous electrolytes are
limited, there is an urgent need to find candidate materials to
build aqueous monovalent-ion batteries for practical applica-
tions. Polyanionic compounds show low voltage plateaus and
stable 3D framework structures in aqueous solution, but their
intrinsic poor electronic conductivity restricts their rate per-
formance.®! Carbon coating, composites, and substitution are
effective methods to overcome this issue. From simply carbon
coating to further optimizing the composition and structure
of carbon, numerous attempts have been proposed to further
enhance their electronic conductivity.*”) Zhao et al. coated crys-
tals with hierarchical carbon, which consisted of a nanoscale
carbon layer and a microscale carbon network, to increase the
surface area and pore volume (Figure 6a).° Researchers found
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that a nitrogen-doped carbon coating could improve the elec-
tronic conductivity and generate defects for insertion/extraction
of monovalent ions.’! Based on this discovery, they studied the
influence on the electrochemical performance of different syn-
thesis methods in depth and varied their carbon and nitrogen
sources, such as urea, tripolycyanamide, ethylenediamine, poly-
aniline, and polydopamine.’?l In order to accelerate electron
and ion transport between particles, the desired composites
should consist of particles dispersed in a graphene matrix or
carbon matrix.’¥! Jiang et al. synthesized a graphene-decorated
NaTi,(POy)3/C composite to achieve better rate capacity, which
benefited from the high conductivity of carbon and the larger
surface area of graphene.’ Small grain size, uniform dis-
persion, less agglomeration, and porous structure constitute
an ideal morphology to enhance electron and ion diffusion.
Through different synthesis methods, more detailed tailoring of
the morphology can be obtained. For example, NaTi,(PO,);/C
composite was prepared by a self-assembled synthesis, which
possessed an outer plate-like morphology and an internal 3D
porous-structured conductive matrix, forming bicontinuous
pathways for fast electron transport.>’

Oxides as anode possess unique layered structures, which
can provide fast diffusion channels for monovalent ions to
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Figure 6. a) Schematic image of bicontinuous pathways in a hierarchical carbon matrix for highly-efficient electron/ion transport in a wafer-like
architecture. Reproduced with permission.[*% Copyright 2015, The Royal Society of Chemistry. b) Schematic illustration of the structure of N-CQDs/
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polyimide and the cell configuration. Reproduced with permission.? Copyright 2013, Elsevier B.V. d) Schematic illustration of the simplified structure
of a fiber-shaped aqueous lithium battery using polyimide (Pl)/carbon nanotube as the anode. e) SEM image of PI/CNT fiber. f) Rate capability of the
PI/CNT fiber anode. Reproduced with permission.[l Copyright 2016, The Royal Society of Chemistry.

boost rate performance, but their cycling instability is the big-
gest obstacle to their application in aqueous batteries. The
vulnerability of their layered structure and the dissolution of
transition-metal ions in aqueous solution are the major fac-
tors resulting in poor cycling life. The presence of their crystal
water can support stacked layers and maintain their structural
integrity, in which H-bonds interact between the layers.> In
addition, choosing stable substrate materials to synthesize
composites with oxides can ensure structural stability because
the asubstrate materials work as a buffer to accommodate the
volume changes of oxides during cycling, as in the case of
N-doped carbon quantum dots/ reduced graphene oxide/ iron
oxide (N-CQDs/rGO/Fe,05) (shown in Figure 6b).°%l Based on
these findings, future research could be focused on the combi-
nation of varied substrate materials, their fabrication, and com-
parison of their different morphologies. Coating is another way
to improve cycling stability. For example, Liu et al. proposed
MoOj; coated with polypyrrole.l””l The polypyrrole coating could
not only inhibit the dissolution of molybdenum ions, but also
buffer the possible volume changes during cycling. It should
be noted that the fast capacity fading of oxide anodes is partly
attributable to the irreversible phase transition that mainly
occurs in the first discharge.l”> There has been little research,
however, that could offer a comprehensive understanding of
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the relationship between the complicated phase transitions and
elemental composition in aqueous batteries.

Compared with conventional inorganic anode materials,
organic anodes, such as conductive polymers and carbonyl
compounds, possess satisfactory working voltages, high and
robust stability, structural diversity, design flexibility, and
abundant raw materials that are low-cost and environmentally
benign, corresponding to excellent electrochemical properties.
The exploration of conductive polymers such as polyaniline
(PANI) and polypyrrole (PPy) is in its infancy because their
limited doping level restricts high capacity.® In contrast, car-
bonyls and their derivatives can deliver a much higher charge
capacity, but their rate and cycling performances are greatly
plagued by their intrinsic poor electronic conductivity and
high solubility in aqueous electrolytes. For example, there are
no reports related to carboxylate group-based organic anodes
for aqueous batteries due to their inherent soluble nature
in aqueous solution, although considerable research efforts
have been devoted to exploring these anodes in nonaqueous
batteries, such as dilithium terephthalate and di-lithium
trans-trans-muconate for lithium Dbatteries, and disodium tere-
phthalate and sodium terephthalate for sodium batteries as
low-cost and high-performance anode materials.” The appli-
cation of carbonyl radicals, such as tetrahydroxybenzoquinone
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(THBQ) and (2,2,6,6-tetramethylpiperidin-1-yljoxyl (TEMPO)
radicals has been significantly limited due to their poor elec-
tron transport capability and high solubility in aqueous elec-
trolytes, even though they contain one or more redox-active
radicals and undergo multi-electron reversible electrochemical
reactions, leading to high energy density.®®! Hydrophilic group
moieties such as ammonium cations can result in water-solu-
bility for these polymers. To suppress the dissolution of small
organic molecules and their discharge products, polymerization
(Figure 6¢) and highly concentrated or solid-state electrolytes
have been applied to stabilize structures by strengthening
polymer backbones or decreasing the content of free water
molecules.2%261 Composites of carbonyl compounds and high
conductivity materials such as carbon, graphene, and their ana-
logues, hybrid anodes incorporating a conductive framework,
using Nafion film as the separator, and substitution at N-sites
are effective approaches to enhance rate performance./®? Based
on these strategies, further investigations could focus on opti-
mizing high conductivity materials, including choosing carbon
nanotubes, dispersing alloxazine (ALO) in the nanochannels of
mesoporous carbon (CMK-3), and engineering 3D fibers.[622-62¢]
More specifically, nanocomposites of ALO and CMK-3 were
prepared by a simple impregnation method. The introduction
of CMK-3 as the matrix could improve the electrical conduc-
tivity of ALO and further reduce the dissolution of sodiated
ALO due to its high conductivity, well-ordered porous network,
and large pore volume.°?® Polyimide (PI)/carbon nanotube
(CNT) hybrid fibers have also been designed as the anode for
aqueous lithium-ion batteries. CNT fibers with a uniform dia-
meter along their length direction were spun from a CNT array
synthesized by chemical vapor deposition, the as-spun fibers
are highly aligned along the spiral direction, resulting in high
electrical conductivity and tensile strength. PI was then coated
on the surface of the aligned CNT fibers by in-situ polymeri-
zation for 6-8 h to form a skin—core structure, as shown in
Figure 6d,e. This unique fiber structure endowed the anode
with high rate capacity under ultrafast charge and discharge
rates (Figure 6f).1°% It is well known that long-range ordered
skeletons and nanopores could facilitate ion and electron trans-
port, so more future research should be focused on developing
ideal structures and morphologies and establishing the struc-
ture/morphology—electrochemical performance relationship
through experimental data and first-principles calculations.

4. The Narrow Electrochemical Stability Window
of Aqueous Electrolytes

The application of aqueous batteries (ABs) is always impeded
by their narrow electrochemical stability window (ESW) of
1.23 V, leading to limited choices of anode and cathode mate-
rials. The recent discoveries of “water-in-salt” electrolytes
(WiSE) and “water-in-bisalt” (WiBS) electrolytes have led
to proposals to expand the voltage window by reducing the
amount of free water molecules that can solvate cations (as
illustrated in Figure 7a) and form a solid-electrolyte inter-
phase (SEI) by anion reduction on the anode surface.®
High-concentration electrolytes strongly depend on the solu-
bility of the chosen salts, however, so to increase the salt
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proportion in aqueous solution, mixed-anion and mixed-cation
(Na—K and Na—Li) salt electrolytes have been explored.l®/
Hydrate melt Li(TFSI)o;(BETI)y3-2H,0 electrolyte, where
TFSI~ is bis(trifluoromethane)sulfonimide and BETI™ is
bis(pentafluoroethanesulfonyl)imide, achieved a wider ESW of
3.8 V%l and then monohydrate melt Li(PTFSI)q ¢(TFSI)o4- 1H,0
electrolyte, where PTFSI™ is (pentafluoroethanesulfonyl)(tri-
fluoromethane-sulfonyl)imide, further expanded the ESW to
nearly 5 V because of the higher solubility and the ionic lig-
uids of asymmetric PTFSI” imide anions in comparison with
symmetric imide anions (TFSI~ and BETI").%! Although the
mixed alkali cation solutions can achieve higher salt concen-
trations compared to the mixed anion solutions, the presence
of other alkali cations is likely to induce undesirable cation
cointercalation. Therefore, inert cations such as tetraethylam-
monium (TEAY) and asymmetric ammonium (42 m LiTFSI +
21 m Me;EtN-TFSI),[%] where Me;EtN is ethyl trimethylam-
monium, were introduced into WiSE systems to minimize the
negative effects associated with the possible cointercalation of
other alkali cations, since large inert cations demonstrate inert-
ness toward intercalation in electrodes. In addition, incorpora-
tion of WiBS in a polymer matrix has led to the development of
“water-in-salt” gel polymer electrolytes, for example, a concen-
trated-WiBS-based aqueous gel polymer electrolyte (C-W-GPE),
which could expand the stable electrochemical window to 4.1V
by decreasing the water activity through coordinating with
hydroxyl-group-rich polymers and increasing the Li salt content
due to its high solubility in the monomer.[68]

The concept of WiSE and hydrate-melt electrolytes has
been extensively applied in aqueous potassium and sodium
batteries.[3% A relatively wide ESW of 2.5 V was achieved
in 9.26 m NaCF;SO; WiSE, where a Na*-conducting SEI was
formed on the anode surface to effectively suppress hydrogen
evolution. Molecular modelling reveals a more pronounced
ion aggregation with frequent contact between the sodium
cation and the fluorine-containing anion as one of the main
factors responsible for the formation of a dense SEI at a lower
salt concentration than its Li counterpart.l*® Furthermore,
the newly discovered Na(PTFSI)ges(TFSI)14(OTf)g21-3H,0
and K(PTFSI)g1(TFSI)o0s(OTf)gg-2H,0 hydrate melts can
significantly extend the potential window up to 2.7 and 2.5V,
respectively, owing to their advantage that almost all water
molecules participate in the Na* or K* hydration shells.[°?]
Although the ESW is slightly narrower in aqueous sodium and
potassium batteries than that in lithium ion batteries, the high
ionic conductivity of aqueous sodium and potassium electro-
lytes, their high abundance on earth, and their low cost make
them more attractive for large-scale energy storage. The use
of high-concentrated fluorinated salts, however, might coun-
teract the advantages of aqueous batteries due to their high
cost and toxicity. To address these issues, low-cost and envi-
ronmentally friendly WiSEs based on mixed cation acetates
(32 m KAc + 8 m NaAc) and low-cost inorganic salts have been
developed.”?! Unlike the formation of SEI layers in organic salt
electrolytes, the expanded ESW with inorganic salts is mainly
attributed to the kinetic contribution, which originates from
their unique local structures. Through comprehensively stud-
ying the solution structure of LiNOjs, self-assembly behavior in
electrolytes has been identified, proceeding from isolated Li*
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Figure 7. a) lllustration of the evolution of the Na* primary solvation sheath in diluted and water-in-salt solutions. Reproduced with permission.[63
Copyright 2017, WILEY-VCH. b) Schematic snapshots of 2 m LiTFSI-94%PEG-6%H,0 and 2 m LiTFSI-H,O electrolyte during molecular dynamics (MD)
simulations. Reproduced with permission.’l Copyright 2018, Elsevier Inc. Comparison of electrochemical properties in aqueous lithium batteries using
different strategies: c) electrochemical stability windows and d) ionic conductivity.

with a first solvation sheath to linear aggregation between Li*
and then (Li*(H,0),), polymer-like chains (Figure 7b) as the
salt concentration increases. In such polymer-like aggregations,
the resistance of water molecules to oxidation is significantly
improved, as their OH groups are occupied by intimate Li*-OH
(water—oxygen) interactions.””) Moreover, the potential window
of a series of inorganic Li and Na salt-containing concentrated
electrolytes with neutral pH was investigated from the view-
point of the local pH change and water concentration, high-
lighting the importance of local pH change, which can expand
the potential windows in unbuffered neutral pH solutions."?
On the other hand, improvement of the voltage window with
low salt concentrations has been a popular strategy. A “mole-
cular crowding” electrolyte using the water-miscible polymer
poly(ethylene glycol) (PEG) as the crowding agent was proposed
to substantially reduce the concentration of free water mole-
cules through altering the hydrogen-bonding structure, thereby
achieving a 3.2 V ESW with a low salt concentration (2 m)."3!
As shown in Figures 7c and 7d, we compared the ESW and
ionic conductivity of aqueous lithium batteries using different
strategies, which could lead to the employment of more anode
and cathode materials to be used in aqueous battery systems.
Introducing an electrolyte additive has been considered as
another practical approach to improving the electrochemical
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properties.” Tris(trimethylsilyl) borate (TMSB) added to WiSE
could decompose and form a cathode electrolyte interphase
(CEI) on a LiCoO, surface, since TMSB possesses the highest
HOMO level, so it can be the first to be oxidized before water or
salt anions (as shown in Figure 8a,b).”” The addition of dodecyl
sulfate (SDS) surfactant expanded the stable voltage window to
2.5V and stabilized the electrode structure by different mecha-
nisms.”?) SDS was adsorbed on the electrode surface with its
hydrophilic group facing the electrode and its hydrophobic
group facing the medium, which resulted in a higher energy
barrier against the passage of water molecules through the
dense hydrophobic layer than carrier ions (Figure 8c,d). This
effectively suppressed the evolution of oxygen and maintained
the pH of the electrolyte, inhibiting the dissolution of transi-
tion metal from the electrode materials in acidic electrolyte due
to the decomposition of water. Because the OER and HER are
surface reactions and the reduction or oxidation stability is sig-
nificantly affected by the surface properties of the electrode, an
artificial layer on the electrode surface is an effective strategy
to reduce the contact between the electrode and aqueous elec-
trolytes.””) For instance, on the anode side, coating materials
either strongly negative or highly positive with respect to the
free energy of hydrogen, such as Al,0Os, are ideal to suppress
the HER.®]
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Society of Chemistry.

5. Conclusion and Future Perspectives

In summary, this review has mainly compared the advan-
tages and drawbacks of cathode materials (PBAs, polyanion-
type compounds, and oxides), and introduced several kinds
of representative anode materials and electrolytes for aqueous
monovalent-ion batteries. Specifically, sodium and potassium
batteries have been attracting increasing attention due to their
high abundance, easy access on earth, and the high solubility
of sodium and potassium salts in water, making them more
desirable for the development of low-cost aqueous batteries
in industrial processes, although lithium batteries possess
relatively high energy density and long lifespans.””! Moreover,
hydrated potassium ions as charge carriers in aqueous solution
exhibit the fastest diffusion kinetics both in aqueous electrolytes
and at electrode/electrolyte interfaces compared with hydrated
lithium and sodium ions, since hydrated potassium ions pos-
sess the smallest hydrated ionic radius and hydration free
energy among them, indicating the potential for fast charging
capability and excellent power density (Figure 1a). Therefore,
aqueous potassium batteries could be considered as a promi-
sing candidate for high power devices in large-scale energy
storage systems. Herein, we aim to summarize the various
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strategies to enhance their electrochemical performance for
future research in terms of structural engineering, morphology
control, elemental compositions, and interfacial design.

5.1. Cathode Materials

The application of cathode materials in aqueous monovalent-
ion batteries has mainly been hindered by capacity fading. To
overcome this challenge, the future directions that could be fol-
lowed are:

i. Elucidation of cathode phase transition behavior. Cathode
materials generally experience complicated phase transi-
tions in aqueous-based electrolytes, but the detailed phase
transition behavior and mechanisms have been unclear, so
they should be further comprehensively studied, with a par-
ticular focus on optimizing the chemical composition, espe-
cially the content of monovalent-ions, to balance the energy
density and structural stability of cathode materials.

ii. Tailoring of the role of water molecules in the cathode lat-
tice. Water molecules in the cathode lattice could serve as
pillars to maintain the crystal structure and facilitate low
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strain during cycling. To tailor the positions and content of
water molecules, novel synthesis methods such as room-
temperature soaking could be employed. It is also critical
to deeply understand the reaction mechanisms, which
could be revealed via advanced characterization tools, thus
helping to optimize experimental parameters such as the
coprecipitation temperature, as well as the solvents and
etching solutions.

iii. Stabilization of the crystal structure. In terms of the
crystal structure, current research has focused on cationic
substitution, such as Ni or Fe to stabilize the crystal struc-
ture. Future research might be extended to other elements,
such as Ti, Tb, and V, which could enhance the strength
of monovalent-ion—O bonds and block the intercala-
tion pathways for water-related species, leading to higher
water-stability.

iv. Interfacial engineering via surface coating. Interfacial engi-
neering has been confirmed to successfully prevent transi-
tion metal ions from dissolving into aqueous electrolytes.
Optimizing the amount of surface coating materials, such
as nickel hexacyanoferrate (NiHCF), poly(3,4-ethylenedi-
oxythiophene) (PEDOT), and Na;(VOPO,),F,® as well
as multi-layer coatings with various materials to form a
composite coating structure on the cathode surface, and
achieving uniformity and controllability of the surface
coating by novel coating technologies,®!l such as radio fre-
quency magnetron sputtering and spin-coating, could be
worth more attention.

5.2. Anode Materials

Searching for potential anode materials that possess good
structural stability and rate capability in aqueous electrolytes
is essential for the development of aqueous monovalent-
ion batteries. Polyanionic compounds, oxides, and organic
materials have been well studied to date. Compared to the
polyanionic compounds with inherently low electronic con-
ductivity and oxides with vulnerable layer structures, the
structural diversity and design flexibility of organic electrode
materials offer more possibilities to achieve better electro-
chemical properties, although the research on organic anodes
in aqueous batteries is currently at a very early stage. Many
critical issues still need to be solved in the search for new
anodes. These include:

i. The exploration of organic anodes for application in
aqueous electrolytes. This has mainly focused on conduc-
tive polymers and carbonyl compounds, but the limited
doping levels of conductive polymers and the intrinsically
poor electronic conductivity as well as the high solubility of
carbonyl compounds in aqueous electrolytes have greatly
hindered their application. Therefore, it is necessary to
investigate the huge potential of other organic materials,
such as organic radicals with stable structures and elec-
tron delocalization.®? Future research should be focused
on improving their theoretical specific capacity due to their
heavy repeating units, such as by synthesizing organic radi-
cals with more compact functional groups.
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ii. Suppression of the high solubility of carbonyl compounds
in aqueous electrolytes. Two different strategies could be
employed to achieve this goal. One is to tune the func-
tional groups to form covalent-organic frameworks (COFs)
or metal-organic frameworks (MOFs). COFs allow precise
integration of the redox-active building blocks into 2D or
3D polymeric frameworks with long-range ordered skel-
etons and nanopores via in-situ polymerization or a facile
and scalable mechanical milling method.®3 In the case of
MOFs, the active organic species are immobilized by metal-
ligand coordinate covalent bonds. Moreover, their porous
structures and electrical conductivity can improve the rate
capability, which is beneficial for achieving high-power
energy storage. The choice of metal chelation is quite vital
in the synthesis process, and 2,3,6,7,10,11-hexahydroxytri-
phenylene has been employed to increase the chemical sta-
bility in aqueous solution, as well as the thermal stability
and porosity of MOFs.B The other option is the introduc-
tion of hydrophobic groups into the molecular backbone.
This type of hyperbranched polymer could be synthesized
through proton transfer polymerization of diglycidyl ethers,
cationic polymerization, or anionic polymerization of pro-
pylene oxide and glycidol.*°]

iii. Understanding the electrochemical reaction mechanisms
of organic materials during cycling. These have not been
well studied to date, so it is essential to achieve a compre-
hensive understanding to help researchers to establish the
structure/morphology—electrochemical performance rela-
tionship via the combination of experiments and theoretical
calculations.

5.3. Electrochemical Stability Window

The narrow ESW of aqueous electrolytes greatly limits the
choice of electrode materials, leading to poor energy density.
Numerous attempts in the past several years have been focused
on expanding the ESW by suppressing the HER and OER.
Future optimization of these strategies could involve:

i. In the case of organic salts, highly-concentrated electrolytes
have been extensively applied. Considering the high cost
and toxicity of fluorinated salts, it is necessary to achieve
the application of inorganic salts in aqueous electrolytes and
clarify the interaction mechanisms of water molecules and
cations of inorganic salts, which is a key to tailoring the local
structure and optimizing their electrochemical properties.

ii. The presence of additives in aqueous electrolytes could
widen the ESW in different ways, such as by forming
a protective electrolyte interphase on the cathode sur-
face or adsorbing the additive on the electrode surface to
block water molecules from coming into contact with
the electrode. There are more types of additives, such
as polyethylene glycol and other surfactants, which can
inhibit the decomposition of water and the dissolution of
transition metals, such as sodium carboxymethylcellu-
lose, sodium dodecyl benzene sulfonate, and dodecyltri-
methylammonium bromide, which might be extended to
use in aqueous-based electrolytes.
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iii. Coating an artificial SEI layer on the electrode surface has
been demonstrated to be an effective strategy to suppress
the side reactions that take place at the electrode/electrolyte
interface and also to widen the potentials of oxygen evolu-
tion and hydrogen evolution. Therefore, TiO, and ZnO
coating materials with stable electrochemical properties
could be further studied.

iv. Although many researchers have reported that the reduc-
tion of salt anions could form a passivating SEI on the
anode surface to stabilize the voltage window in highly-con-
centrated aqueous electrolytes, the chemistry and formation
mechanisms of such aqueous SEI layers and the mecha-
nism of ion transport through the SEI have remained virtu-
ally unknown. Future attempts could be focused on control-
ling the irreversible reduction reaction and inhibiting the
decomposition of water molecules to form a dense and pro-
tective SEI layer, as well as suppressing the dissolution and
corrosion of the SEI during long-term cycling and reducing
irreversible H,-evolution.

In short, although previous strategies have been employed
to greatly enhance the electrochemical performance of these
components for aqueous monovalent-ion batteries, there is still
a long way to go in terms of high energy cathodes, matching
anodes, and stable electrolytes before it is possible to achieve
future practical applications. It is hoped that this review paper
could promote the transfer of the knowledge acquired in pre-
vious studies and generate some novel ideas for the future
development of aqueous monovalent-ion batteries for electro-
chemical energy storage.
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